Biological soil crusts (biocrusts) colonize plant interspaces in many drylands and are critical to soil nutrient cycling. Multiple climate change and land use factors have been shown to detrimentally impact biocrusts on a macroscopic (i.e., visual) scale. However, the impact of these perturbations on the bacterial components of the biocrusts remains poorly understood. We employed multiple long-term field experiments to assess the impacts of chronic physical (foot trampling) and climatic changes (2°C soil warming, altered summer precipitation [wetting], and combined warming and wetting) on biocrust bacterial biomass, composition, and metabolic profile. The biocrust bacterial communities adopted distinct states based on the mechanism of disturbance. Chronic trampling decreased biomass and caused small community compositional changes. Soil warming had little effect on biocrust biomass or composition, while wetting resulted in an increase in the cyanobacterial biomass and altered bacterial composition. Warming combined with wetting dramatically altered bacterial composition and decreased Cyanobacteria abundance. Shotgun metagenomic sequencing identified four functional gene categories that differed in relative abundance among the manipulations, suggesting that climate and land use changes affected soil bacterial functional potential. This study illustrates that different types of biocrust disturbance damage biocrusts in macroscopically similar ways, but they differentially impact the resident soil bacterial communities, and the communities' functional profiles can differ depending on the disturbance type. Therefore, the nature of the perturbation and the microbial response are important considerations for management and restoration of drylands.
D
ryland ecosystems naturally experience low precipitation, large diel and seasonal temperature fluctuations, and high climatic variability (1) . Although adapted to widely varying conditions, components of these ecosystems are sensitive to small environmental changes and may be slow to recover from disturbances (2) . Predicting the response of dryland ecosystems to a changing environment is a significant challenge because multiple perturbations, such as land use changes and regional climate shifts, occur simultaneously. Increased herbivory, recreation, and energy/mining activities have altered surface soil conditions in drylands, with significant ecological impacts (2) (3) (4) . In addition, climate and land use change can act in concert to affect these regions. For example, drylands across the southwestern United States are currently experiencing shrub expansion at the expense of local grasses, a situation attributed to a combination of increased herbivory and rising temperatures (5, 6) . Precipitation patterns in the region, particularly the summer monsoons that deliver up to 35% of annual precipitation, are also changing (7, 8) . Thus, alterations in land use, coupled with regional climate changes, will likely push dryland ecosystems into new ecological states of unknown composition and function.
Biological soil crusts (biocrusts) are surface soil microbial mats that are dominated by photosynthetic and diazotrophic Cyanobacteria and can account for up to 70% of surface cover of dryland soils (9) . These communities provide many important ecosystem services, such as carbon and nitrogen fixation, soil stabilization, and water retention (10) (11) (12) . Long-term field experiments established on the Colorado Plateau, UT, USA, are being used to test the effects of long-term physical disturbance, soil warming, and altered precipitation on surface soil communities (4, (13) (14) (15) (16) . Studies in drylands have shown that chronic physical disturbances, induced through mechanisms such as increased grazing, have severe detrimental effects on biocrusts (2) . The consequences of this reduction in biocrust cover include increased erosion, with up to 35 times more dust production than that from areas with mature biocrusts (17) . Deteriorations in biocrust cover can also reduce landscape water retention, even leading to the death of downslope plants (18) . Precipitation patterns and soil water loading are also a significant force in shaping biocrusts (19) . Rainfall frequency is often the largest predictor of biocrust presence and composition (20) , and experimental manipulation of rainfall regimes results in loss of biocrust cover, changes in composition, and decreased photosynthetic performance (15) . As biocrusts often occur in ecosystems that experience large temperature variations, biocrusts are generally resilient to small temperature changes (14) . However, large temperature shifts, such as those along large latitudinal gradients, have been shown to alter the compositions of the dominant cyanobacterial populations that make up the bulk of the biomass in biocrusts (21) . Taken together, these observations suggest that biocrusts are susceptible to a variety of disturbances. Understanding the mechanisms and consequences of these distur-bances will be critical to generate effective management and restoration strategies.
Previous work at the sites employed in this study showed that chronic physical disturbance resulted in a loss of biocrust integrity, decreased macroscopic biomass as assessed by visual biocrust cover, and altered soil bacterial composition. Reductions of cyanobacterial abundance were in the range of 25% to 65% as measured by both chlorophyll a concentrations and the relative abundances of Cyanobacteria in 16S rRNA gene sequence libraries (4) . Two years of altered precipitation treatment (both alone and in combination with soil warming) had a dramatic negative effect on the biocrust bacteria and mosses (13, 14) . Significant declines in Cyanobacteria biomass and soil chlorophyll a pigment concentration were noted in the two manipulations, with patches of visibly bare soils in places that had previously been covered by well-developed biocrusts, representing measured cyanobacterial declines of 75% to 95% (13, 14) . While the manifestations of physical trampling and altered precipitation induced large declines in the dominant cyanobacterial populations and the disturbances appeared similar at the visual-assessment scale, it is unclear if these disturbances drive the soil microbial communities to similar or distinct states. A study employing parallel measurements and standardized methods is needed to perform this comparison.
We used these long-term field experiments to compare and contrast the consequences of different physical disturbances and climate manipulations, which appeared to effect similar manifestations at the visual scale on the biomass, bacterial community structure, and functional potential of the biocrust bacterial communities. We employed multiple assays (DNA and chlorophyll a concentration and bacterial 16S rRNA gene and cyanobacterial 16S rRNA gene quantitative PCR [qPCR] ) to track shifts in biocrust biomass. Sequencing of bacterial 16S rRNA was used to determine the taxonomic compositions of the biocrust bacterial communities, and shotgun metagenome sequencing was employed to interrogate the functional and metabolic potential of dryland biocrust communities that had been exposed to longterm manipulations.
MATERIALS AND METHODS
Field collection. Three long-term experiments located in undisturbed natural dryland landscapes were used for this study. The effects of chronic physical disturbance by gentle, annual foot trampling (T) were tested at two sites, one located in Arches National Park (termed Arches here; World Geodetic System 1984 [WGS84], 38°43=35.83ЉN, 109°32=36.3ЉW) and one in the Island in the Sky (ISKY) district of Canyonlands National Park (WGS84, 38°27=27.21ЉN, 109°32=27.93ЉW), UT, USA. The two study sites were located in Coleogyne ramosissima (blackbrush) shrubland and harbored biocrusts that differed in development and composition of lichens and cyanobacteria, in that cyanobacteria were more abundant and developed at the ISKY site (4). The third site, Castle Valley, UT, USA (termed CV here; WGS84, 38°40=29.5ЉN, 109°49=58.7ЉW), was about 10 km from the Arches and ISKY sites. Here, the effects of year-round warming and the altered frequency of summer precipitation were tested in a long-term field experiment in a natural grassland (13, 14, 16) . Increased warming with infrared (IR) lamps was delivered to five replicate 5-m 2 plots, resulting in an approximately 2°C soil warming to a depth of 5 cm. Altered precipitation (wetting [W]) was delivered as 1.2-mm water pulses (ϳhalf of an average rainfall event) in an average of 35 events during the summer months, resulting in an approximate 4-fold increase in the number of small precipitation events. Separate soil plots received year-round warming and altered precipitation treatments in combination (abbreviated IRW). The manipulations employed in these studies were within the range of climate or land use changes already occurring in these regions or predicted to occur within the next few decades (8) . Control plots (C) consisted of untreated plots with a control (nonenergized) IR lamp housing.
Samples were collected from the Arches site on 20 September 2011, 12 days after plots were last trampled, and at the ISKY site on 22 October 2011, 43 days after a trampling event. Both trampled sites (Arches and ISKY) received a cumulative 16 years of annual spring trampling treatments. At the CV site, samples were collected on 21 September 2011 after 6 years of treatment. At each field site, triplicate surface soil samples were collected from each treatment, in each of two of the larger field plots, resulting in a total of six field replicate samples per experimental treatment and eight treatments. Samples were collected away from plant root zones and did not contain visible plant biomass. Soil samples were collected with a small sterile weighing spatula. For plots with well-established biocrusts, samples consisted of the upper ca. 2 cm of soil, defined as the soil bound together by the biocrusts. For plots without developed biocrusts, soil was sampled to a similar depth (ca. 2 cm). Each sample consisted of an approximately 10-cm 2 area of soil. Soil sampling was performed in a regular quadrat system to ensure that samples were collected from sites that had not been previously sampled. All soils were stored on dry ice and transported to Los Alamos National Laboratory, where they were stored at Ϫ80°C until processing.
Biocrust biomass analyses. Total extracted DNA was used as a proxy for total biocrust biomass that included bacteria, fungi, and other microbiota. DNA was extracted from duplicate 0.5-g soil samples using the MP Biomedicals FastDNA spin kit (Solon, OH) with standard protocols. Following extraction, DNA aliquots were pooled and quantified using the Quant-iT PicoGreen double-stranded DNA (dsDNA) assay kit (Invitrogen, Carlsbad, CA). Quantitative PCR (qPCR) measured the abundance of bacterial 16S rRNA genes and was used as a proxy for total bacterial biomass. Bacterial qPCR was performed with primers EUB 338 (5=-ACT CCTACGGGAGGCAGCAG-3=) (22) and EUB 518 (5=-ATTACCGCGG CTGCTGG-3=), which target the V2 and V3 variable regions (23), and previously described amplification conditions (24) . Chlorophyll a concentrations were used as a measure of Cyanobacteria biomass (25) and were determined by the procedure described by Castle et al. (26) . Cyanobacteria qPCR measured the abundance of Cyanobacteria 16S rRNA genes, acting as a secondary measure of cyanobacterial biomass. The Cyanobacteria qPCR was performed with primers that target the V2 to V4 variable regions, using CYA 359 (5=-GGGGAATYTTCCGCAATGGG-3=) and an equimolar mixture of CYA-781RA (5=-GACTACTGGGGTATCT AATCCCATT-3=) and CYA-781RB (5=-GACTACAGGGGTATCTAATC CCTTT-3=) with reaction mixtures, standards, and thermocycling conditions as previously described (27, 28) . Analysis of variance (ANOVA) was used for treatment comparisons of the DNA, chlorophyll a, and qPCR data sets, followed by pairwise t tests (Arches or ISKY, where two treatments were performed) or Tukey's honestly significant difference (HSD) mean separation procedure (CV experiment, where four treatments were performed) using the JMP software package. P values from the comparisons at each site are tabulated in Table S1 in the supplemental material.
Biocrust bacterial community taxonomic composition. The taxonomic composition of the bacterial community was assessed using 16S rRNA gene sequencing. The DNA templates from each sample were normalized to 1 ng l Ϫ1 , and gene fragments were amplified with the primers V5-forward (5=-RGGATTAGATACCC-3=) and V6-reverse (5=-CGACRR CCATGCANCACCT-3=) (29) , with 8-bp barcodes included on the reverse primer for sample indexing (30) . The amplification and cycling conditions were as described previously (24) . Amplicon sequencing was performed using 454 FLX titanium chemistry.
The 16S rRNA sequence data sets were processed in the mothur software package (v.1.23.1) (31) . Sequences were quality checked and processed according to previously described protocols (32, 33) . Taxonomic classification of the 16S rRNA sequences was performed with the Bayesian classifier against the SILVA (34) bacterial taxonomy (31, 32) as imple-mented in mothur. All classifications (phyla and genus) are based on confidence values of Ն70%. Statistically significant differences in the relative abundances of phylum-level bins were identified in the STAMP software package (35) using ANOVA corrected for multiple tests employing Storey's false discovery rate (FDR) method. Nonmetric multidimensional scaling (NMDS) analyses were performed on genus-level taxonomic bins in the 16S rRNA gene data sets. Relative abundance data were imported into mothur, and NMDS was calculated based on the Bray-Curtis distance metric and 500 NMDS iterations. Analysis of similarity (ANOSIM) statistics was used to test for the significance of pairwise differences between each treatment and its respective control. Volcano plots were generated to illustrate significant differences between individual genera in control and treatment communities, using the relative abundance data from the 16S rRNA gene surveys with the R-code supplied with the METAGENassist software (36) .
Shotgun metagenome sequencing. Prior to sequencing, the three replicate DNA extractions from each plot were pooled at equimolar concentrations (10 M) and used as the template for metagenome sequencing. This pooling resulted in two metagenomes per treatment derived from replicate plots. Shotgun metagenome sequencing was performed over two lanes of an Illumina HiSeq flow cell using paired-end 2 by 150 sequencing chemistry. Paired-end shotgun metagenome reads were quality checked and assembled using the SOAPdenovo pipeline with default parameters (37) . Assembling metagenomes from the same treatments (i.e., duplicate metagenomes) resulted in very poor assembly of paired-end reads, with Ͼ90% of sequences not forming contigs (data not shown). Assembling across all the metagenomes produced 415,645 contigs of a mean size of 632 bp (maximum ϭ 55,202; set of contig or scaffold lengths [N 50 ] ϭ 665). Given the relatively poor assemblies, we focused our analysis on the annotations of the individual paired-end reads.
Shotgun metagenome reads were annotated to SEED (http://pubseed .theseed.org/) subsystems using Sequedex with default parameters (38) , and annotations in MG-RAST (39) produced nearly identical functional profiles. A comparison of functional profiles was performed within the STAMP software package (35) . Functional and metabolic subsystems that were significantly different in relative abundance between data sets were identified using the ANOVA test employing Storey's FDR method to control for false discoveries.
Data set availability and primer sequences. All sequence data sets are publicly available in MG-RAST. The 16S rRNA gene sequences are indexed under project "Field_site_compare_amplicons; MG-RAST identification numbers 4628763.3 through 4628810.3," and the shotgun metagenome sequences are in project "Field_site_compare_compiled; MG-RAST identification number 4522082.3."
RESULTS
Manipulation effects on biocrust cover, soil DNA, and bacterial abundance. A visual decrease in biocrust cover, appearing as uncrusted sandy soil, was observed in each of the perturbed plots ( Fig. 1) . Although visually the biocrusts in perturbed plots had lost most of their black pigment and pinnacled formation compared to these features in the well-developed control biocrusts, the total soil biomasses as measured by DNA concentration were similar across most of the experimental plots ( Fig. 2A ; see also Table S1 in the supplemental material). Total soil DNA concentrations were variable, with large standard deviations in the trampled plots and in the IR treatment at CV. Soil DNA concentration was significantly reduced relative to that of the control only in the IRW treatment ( Fig. 2A [P ϭ 0.009 for the IR-W interaction term in a factorial analysis]; see also Table S1 ). The total 16S rRNA gene qPCR analysis showed that bacterial abundance decreased significantly with T at the two sites (Arches, P ϭ 0.0388; ISKY, P ϭ 0.0031) but that the IR, W, and IRW treatments retained bacterial abundances similar to those of the control plots ( Fig. 2B ; see also Table S1 ).
Cyanobacteria biomass. Chlorophyll a concentration and a cyanobacterium-specific qPCR assay were employed to assess the abundance of Cyanobacteria. The T treatment had a negative effect on chlorophyll a concentrations (Fig. 2C ) (Arches, P Ͻ 0.0001; ISKY, P Ͻ 0.0001) and on the abundance of cyanobacterial rRNA genes at both trampled sites (Fig. 2D) . The trend was marginally significant at Arches (P ϭ 0.0699) and significant at ISKY (P ϭ 0.019). At CV, the IR treatment did not result in a change in cyanobacterial abundance from that in the control biocrusts ( Fig. 2C and D ; see also Table S1 in the supplemental material), whereas the W treatment resulted in an increased chlorophyll a concentration and a slight but not significant increase in cyanobacterial 16S rRNA genes ( Fig. 2C and D ; Table S1 ). In contrast, the combined IRW treatment showed a significant reduction in cyanobacterial biomass, measured both by determining the chlorophyll a concentration and by cyanobacterial qPCR ( Fig. 2C and D; Table S1 ).
Bacterial community composition. Sequencing of 16S rRNA genes was used to describe the taxonomic compositions of the soil bacterial communities. Sequences related to 35 different bacterial phyla and to the eukaryotic chloroplasts were identified (see Table  S2 in the supplemental material). Only seven bacterial phyla and the chloroplast sequences represented relative abundances of 1% or greater across the majority of the different sequence data sets (Fig. 3) . Cyanobacteria was observationally the most abundant bacterial phylum in each of the data sets, with the exception of the IRW treatment data set (Fig. 3) . The proportional abundances of cyanobacteria ranged from ca. 4% to 89% (Table S2) .
No significant difference was found in the relative abundances of any phylum due to trampling (T) at either the Arches or the ISKY site. Similarly, no phylum showed a significant shift in relative abundance in response to IR warming. The wetting (W) experiment resulted in a significant increase in Cyanobacteria compared to their level in the control; this increase was accompanied by significant reductions in phyla such as Acidobacteria, Actinobacteria, Bacteroidetes, and Proteobacteria ( Fig. 3 ; see also Fig. S1A in the supplemental material). In contrast, the combined IRW treatment resulted in a significant decrease in cyanobacterial relative abundance compared to those of the control plots ( Fig. 3;  Fig. S1B ). This was associated with an increased relative abundance of Chloroflexi in the IRW treatment plots. While Chloroflexi accounted for ca. 2% of sequences in the control plots, they increased up to 22% of the sequences in the IRW treatment plots (Fig. S1B) . The category "rare," comprised of phyla that each accounted for Ͻ1% of the sequence libraries, also expanded in relative abundance under the IRW treatment (Fig. 3) . It is important to note that the rare category is comprised of sequences belonging to a number of phyla that did not all respond similarly to the experimental treatment. For example, sequences belonging to the Firmicutes accounted for 0.3% of sequences in the control plots but increased significantly to 2.1% of sequences in the treatment plots (Fig. S1B) . In comparison, sequences belonging to the phylum Verrucomicrobia decreased from 1.3% in the control to 0.6% in the treatment plots (Fig. S1B) . In this respect, there was a complex response among the diverse phyla that made up the numerically rare bacterial phyla.
Genus-level shifts in bacterial community composition. To compare taxonomic levels lower than phyla, the 16S rRNA se-quences were classified to the genus level. The proportion of sequences that could be confidently classified ranged from 55% to 68% and belonged to a total of 527 genera. Volcano plots were employed to explore genera that showed large and significant shifts in relative abundance in response to the experimental manipulations. It is important to note that the volcano plots illustrate effect size and not population size. For example, in the results shown in Fig. 4B , the cyanobacterial genus Microcoleus (labeled A) comprised an average of 42% of the sequences in the control plot and 56% of the sequences in the trampled plots, a 1.3-fold change in abundance. In comparison, sequences identified within the Cyanobacteria genus Brasilonema (labeled B in Fig. 4B ) accounted for 2.5% of sequences in control plots and 0.2% of sequences in trampled plots, representing a larger (ca. 12-fold) change in relative abundance, hence appearing as a larger point on the x axis of the volcano plot.
The volcano plots illustrate two major findings. First, by comparing the "V" shapes created by points radiating out from the x axis zero point, one observes that the four different treatments (T, IR, W, and IRW) each result in a pattern of community compositional shift different from that of the control samples. Second, by comparing the numbers of taxa enriched in each treatment or control and the taxonomic affiliation of those taxa, one can identify community components that shift in proportion in response to the treatments and identify those that demonstrate both highly significant (P Յ 0.05) and large shifts in proportional abundance in response to the different treatments.
Chronic trampling at the Arches and ISKY sites resulted in similar effects on the biocrust communities. At these sites, similar numbers of genera, predominantly within the phylum Cyanobacteria, were significantly enriched in the control samples and in the T treatment samples (Fig. 4A and B) . However, only one of these identified genera, Symploca (Cyanobacteria), was common to both sites (see Table S3 in the supplemental material). The IR warming treatment induced a significant increase in 19 genera spread among multiple phyla (Fig. 4C) . No genera were found to be proportionally enriched in the control plots. However, most of these genera showed relatively small fold changes in relative abundance, with none of the identified genera showing greater than 2-fold changes, suggesting that all of the observed changes were relatively small. The wetting (W) experiment affected over 150 genera spread among multiple phyla (Fig. 4D) . All of the genera significantly enriched in the W plots were Cyanobacteria, reflecting the increased relative abundance of Cyanobacteria observed in these plots using the phylum-level analysis (Fig. 3) . In contrast to Cyanobacteria sequences, sequences related to plant and algal chloroplasts were significantly enriched in the control plots compared to the W plots ( Fig. 4D ; Table S3 ), suggesting that biocrust algae and mosses were detrimentally affected by the wetting treatment as documented previously (13) . The IRW treatment also caused a large restructuring of the bacterial communities, with ca. 135 genera, and especially members of the Actinobacteria phylum, showing higher relative abundance under the IRW treatment than in the control plots ( Fig. 4E ; Table S3 ). Conversely, multiple cyanobacterial genera were significantly reduced in the IRW treatment plots compared to their levels in the control plots (Fig. 4E) , reflecting similar differences in the phylum-level bins (Fig. 3 ) Similarity in community composition between data sets. The taxonomic rollups (Fig. 3 ) and volcano plots (Fig. 4) indicated that each treatment affected the bacterial community differently. Therefore, we employed nonmetric multidimensional scaling (NMDS) to statistically investigate the compositional relationships between the different data sets ( Fig. 5A ; see also the ANOSIM statistics in Table S4 in the supplemental material). The NMDS illustrated significant differences in the structure of the biocrust bacterial communities among the control plots across the three field sites. The ISKY control plots were significantly different from the control plots at both the Arches and CV sites, indicating biogeographic differences in the community composition of the healthy biocrusts ( Fig. 5A ; Table S4 ). Across each panel, the bars represent the means of results from three field replicate samples collected from each of two field plots (n ϭ 6), with the standard errors of the means. Bars labeled with different letters were significantly different at a P value of Ͻ0.05. Comparative statistics for each measurement, including interaction terms for the CV factorial experiment, are tabulated in Table S1 in the supplemental material. Statistical tests were performed on data sets collected from the same experimental site and do not represent differences among sites.
FIG 3
Taxonomic compositions of bacteria in the 16S rRNA gene sequence data sets at the phylum level. Bars represent the average relative abundance of each major phylum across the six replicate sequence data sets. The category "rare" indicates the sum of abundances of phyla that individually accounted for Ͻ1% of the sequence library. Phyla that showed statistically significant shifts in relative abundance due to the experimental treatments are displayed in Table S2 in the supplemental material.
At each site, except with the IR treatment, the results of all treatments were significantly different than those of their corresponding controls (see Table S4 in the supplemental material). Furthermore, the results of each treatment (T, IR, W, and IRW) were significantly different from those of the other treatments, with communities clustering separately. The T sites at Arches and ISKY were not significantly different from each other ( Table S4 ), indicating that trampling erased the previously established biogeographic difference among the undisturbed plots.
Functional profiles in shotgun metagenomes. Duplicate shotgun metagenomes were generated from each treatment across the field experiments to investigate how the different manipulations affected the functional potential of the biocrust microbial communities. Sequence reads were annotated to the SEED subsystem- control and treatment data sets. The dashed vertical lines denote a 2-fold change in relative abundance (log 2 2 ϭ 1). The y axes display the Ϫlog of the P values of the test statistic. The dashed horizontal line at Ϫlog 1.3 corresponds to a P value of 0.05. Therefore, those points that appear outside the enclosed dashed box formed by the x and y axis intercepts are points that show both significant and proportionally large shifts in relative abundance. The number of genera showing significant enrichment in either the control or treatment sample is given in parentheses next to the treatment label. Genera showing significant shifts in relative abundance between the control and treatment samples are color coded by their phylum affiliation (except where the data are too crowded, in which case they are colored dark gray). A full list of genera showing significant shifts in relative abundance is provided in Table S3 in the supplemental material. The points labeled A and B in panel B are discussed in Results.
based hierarchy (39) , and the reads were investigated by NMDS to test if they showed similar relationships to the taxonomic profiles as revealed by 16S rRNA sequencing (Fig. 5B) . The patterns of clustering were similar between taxonomy (Fig. 5A) and function (Fig. 5B) , suggesting that trends observed for changes in the 16S rRNA data sets were reflected in the functional gene annotations from the metagenomes.
The majority of the metagenome reads that could be identified mapped to central metabolic pathways or cellular functions that are conserved among all bacteria (e.g., DNA metabolism and ribosomes), resulting in metagenomic profiles that looked qualitatively similar across the data sets (see Fig. S2 in the supplemental material). However, when functional SEED categories were compared individually, four (photosynthesis, cell division/cell cycle, potassium metabolism, and regulation/cell signaling) that showed significant differences (ANOVA, P ϭ 0.01 to P ϭ 0.007) in their proportional representations among some of the different manipulations were identified (Fig. 6 ).
Sequence reads from the differentially abundant functional categories were annotated to deeper subsystems (level 2) in the SEED hierarchy to further investigate the consequences for the functional and metabolic profiles of the communities (Fig. 7) . Within the photosynthesis category, the majority of the reads were annotated to photosystem II, with the exception of the reads obtained after the IRW treatment, among which the photosynthesis- (Fig. 4) . Distances for both analyses were generated using the Bray-Curtis metric. NMDS stress and RSQ (square of correlation coefficient) are indicated below each plot. ANOSIM statistical results testing the significance of the clustering are presented in Table S4 in the supplemental material.
FIG 6
Open box plots displaying the abundances of sequence reads belonging to the four subsystems identified as being significantly different among the metagenome data sets. Only two field replicate metagenomes were sequenced for each treatment, and we did not pursue post hoc statistical tests but present the treatment information as trends to illustrate their conformity to the more highly replicated taxonomic surveys. Individual data sets are plotted as open circles, and each bar represents the average number of sequences in the metagenome surveys between the two field replicates. related reads were identified primarily as proteorhodopsins; although these proteins are light reactive, they do not have a direct role in photosynthesis (Fig. 7A) . Within the cell division and cell cycle category, sequence reads could be further classified into six main subsystems. In these six subsystems, genes related to Cyanobacteria circadian clock proteins showed large alterations in relative abundance between the different treatments. Genes in this subsystem are involved in regulating the diurnal regulation of cyanobacterial gene expression (40) , and the proportion of sequence reads in this category predictably followed trends in cyanobacterial abundance, being more abundant after the W treatment and less abundant after IRW (Fig. 2D) . The categories potassium metabolism and regulation and cell signaling showed similar patterns, in that the differences were due to changes in the category as a whole rather than a restructuring of the subsystems that make up the category. For instance, in the potassium metabolism category, the subsystems that made up the category were present in similar proportions across the treatments. In the category regulation and cell signaling, the cyclic AMP (cAMP) signaling-related genes were consistently the largest subsystem among those reads that could be annotated, whereas the differences between treatments were generally among the rare subsystems that individually accounted for less than 1% of the sequence reads but collectively comprised ϳ35% to 50% of the reads in the category (Fig. 7D) .
DISCUSSION
The results from these long-term field experiments demonstrate that annual trampling, small increases in temperature, alteration in size and frequency of precipitation events, or a combination of warming and altered precipitation regimes result in major, often detrimental impacts on biocrust bacterial communities in arid lands. These results are not surprising in the context of decades of assessments showing biocrust organisms to be fragile and slow to recover from disturbance (41) .Yet, these results demonstrate that, under some disturbance regimes, disturbed biocrusts adopt similar structures at the visual scale, predominantly driven by the reduction of cyanobacterial biomass and relative abundance (Fig.  2) . The effects of different types of disturbances result in significantly different bacterial communities that have different functional gene profiles.
Chronic trampling (T) had the largest effect on biocrust biomass, reducing total bacterial abundance (Fig. 2B ) and cyanobacterial abundance (Fig. 2C and D) . In comparison, the IRW manipulation effected a reduction only in cyanobacterial biomass Fig. 2C and D) . The altered precipitation (W) treatment was the only treatment that caused an increase in cyanobacterial biomass, resulting in significantly higher chlorophyll a concentrations than in the control plot (Fig. 2C) . Each experimental manipulation, with the exception of IR lamp warming alone, drove the biocrust communities to a composition distinct from those of the control plots at that site. Furthermore, the compositions adopted by all of the communities under manipulation were significantly different (Fig. 5) . Clearly, each experimental manipulation induced different changes in the biocrust communities. The specific effects of the different manipulations are discussed below.
Chronic trampling. The trampling treatment resulted in a significant decrease in total bacterial abundance as measured by qPCR (Fig. 2B) , although total biomasses, as assessed by DNA recovery, were not significantly different (Fig. 2A) . This may indicate that the maintenance of DNA-based biomass was due to increased abundance of other soil biota, such as fungi, that were not measured in this study. This result also differed from the results of a survey of this site performed 4 years previously, which showed a significant reduction in DNA recovery from trampled soils, suggesting that there may be temporal, seasonal, or year-to-year differences in biomass responses to chronic trampling (4). Trampling was also found to cause a significant decrease in cyanobacterial biomass ( Fig. 2B and C) , implying that the ability of the soils in the trampled plots to perform photosynthesis is likely significantly reduced.
Although overall Cyanobacteria relative abundances summed from phylum-level assignments in the 16S rRNA sequence data sets were not significantly different between the treatment and control plots (Fig. 3) , a small number of Cyanobacteria genera were significantly less abundant in the trampled plots at both trampled sites (Fig. 4A and B) . Sequences identified within genera such as Calothrix and Pseudoanabaena, both of which have been identified as nitrogen-fixing components of biocrusts, were significantly less abundant in the trampled plots, indicating a possible reduced potential for nitrogen fixation (42) (43) (44) . The significant reductions in bacterial and cyanobacterial biomass with subtle shifts in taxonomic composition show that the predominant effect of chronic trampling was a reduction of biomass. Perhaps the biocrust inoculum can survive trampling by evading the disturbance, potentially as small biofilms adhering to soil particles. Alternatively, these communities may have been recruited from neighboring healthy biocrusts in the time since last trampled.
Another effect of chronic trampling was the erasure of biogeographic differences. Previous work showed that biocrust bacterial communities have biogeographic differences based on soil parent material (32) . In this study, the control biocrusts at the Arches and ISKY sites were significantly different in composition (ANOSIM comparisons; see also Table S4 in the supplemental material) and clustered independently in NMDS plots (Fig. 5 ). Yet, chronic trampling resulted in the loss of this difference, as community composition was found to be similar at the two sites after trampling ( Fig, 5 ; Table S4 ). This suggests that dryland biocrusts adopt similar structures under chronic physical disturbance, even when they begin from different starting compositions.
Soil IR warming. Six years of the IR treatment resulted in visibly damaged biocrusts (Fig. 1) . However, the measured bacterial biomass (Fig. 2) and composition ( Fig. 3 and 4C) were not significantly different from those of the controls. A previous study conducted on lichen-dominated biocrusts in Spain, which induced a 2.4°C temperature warming, found a significant decrease in lichenized-biocrust diversity (45) . This suggests that the visible damage to the biocrusts documented here may have been due to shifts in lichens or mosses rather than bacteria. However, a recent study demonstrated that temperature shifts can induce ecological replacements within the dominant biocrust Cyanobacteria populations, although this replacement was across a much larger temperature range (13 to 15°C) than that used in this study (21) . Taken together, our results suggest that the biocrust bacteria are resilient to relatively small increases in temperature. In line with the limited taxonomic alterations of the bacterial community under warming, the functional profiles of the bacterial communities were also relatively unaffected by the warming treatment ( Fig. 6  and 7) .
Wetting treatment. The W treatment increased the frequency of small precipitation events, with an increase in frequency of 1.2-mm summer rainfall events. Wetted plots received an average of 35 such events during the summer months, about four times the average for this region (13) . This change in precipitation regimen caused significant alterations in the biocrust community. The W plots showed visibly barren soil with no evidence of structural biocrusts (Fig. 1 ). Despite this, the primary effects of the W treatment on the bacterial communities were a significant increase in chlorophyll a concentration (Fig. 2C) , significantly increased Cyanobacteria relative abundance (Fig. 3) , and trends toward increased cyanobacterium-related metabolic genes (Fig. 6 ). Our results suggest that the W treatment fostered an increase in Cyanobacteria abundance. In contrast, other photosynthetic organisms, as measured by the relative abundance of chloroplastrelated sequences, were significantly reduced in the W treatment (Fig. 4D ). This coincides with previous observations that the altered precipitation treatment caused significant declines in the mosses after 1 year (13) and suggests that the visual decline in the biocrusts is likely largely due to the negative effects on the noncyanobacterial components of the community.
The results reported here, indicating an increase in Cyanobacteria biomass and relative abundance of Cyanobacteria after 6 years of manipulation, contrast with similar measurements made after 2 years, where there were significant reductions in cyanobacterial abundance (75% to 95% of biomass loss) (14) . The apparent recovery of the cyanobacterial populations in this study may suggest that some cyanobacterial populations have adapted to the altered precipitation regimen or that the plots have begun to be recolonized. The Cyanobacteria genera Pseudanabaena and Calothrix were enriched in the W plots relative to their levels in the control plots (Fig. 4D ), reflecting differences in the structures of the Cyanobacteria populations under this treatment. Because Cyanobacteria differ in their abilities to establish in unstabilized sandy soils and to fix nitrogen, such compositional changes may have impacts on long-term soil stability and fertility. Further studies documenting the activities and biochemistry of the Cyanobacteria populations in the W plots compared to those of the well-established biocrusts in the control plots may shed light on the development, recovery, and function of biocrust Cyanobacteria populations.
Warming and precipitation in combination. When combined, the IR warming and wetting treatments clearly showed an interactive effect, driving the biocrust communities to a state significantly different from that of either manipulation alone ( Fig. 2  and 4 ; see Tables S2 and S5 in the supplemental material). Whereas the IR treatment alone had little appreciable effect on the biocrust communities and the W treatment led to an increase in cyanobacterial abundance, the IRW treatment combination resulted in a biocrust community where hundreds of genera shifted in proportion and where the Cyanobacteria populations collapsed ( Fig. 2 and 3 ). This result suggests that the biocrust bacterial communities are generally resilient to relatively small shifts in temperature but that warming can dramatically influence soil bacterial community response when combined with altered precipitation.
In the metagenomes, members of all four SEED subsystems identified as significantly different between the data sets were reduced in number after the IRW treatments (Fig. 6) , following the trends observed for Cyanobacteria abundance (Fig. 2D and 3) . Interestingly, the four functional metagenome categories whose members were found to be reduced in number in the IRW treatment plots were the same as those found in a previous study documenting the differences in bacterial communities in biocrusts and uncrusted soils in creosote bush root zones (24) . This suggests that the functional effects of reductions in Cyanobacteria abundance are similar whether the reductions were induced by environmental perturbations or natural variance due to their proximity to local vegetation. Several of the differences in the functional profiles were directly attributable to the reductions in Cyanobacteria. For example, proteorhodopsins and their archaeal counterparts, bacteriorhodopsins, function as light-driven proton pumps and are believed to function in environmental sensing or supplementary metabolism (46, 47) . These genes accounted for the majority of the photosynthesis-related subsystems in the IRW treatment plots, as opposed to genes of photosystem II, the primary photosynthetic machinery of Cyanobacteria (48) , which made up the majority of genes in photosynthesis-related subsystems after the other treatments (Fig. 7) . Other categories were not as easily associated with changes in Cyanobacteria. Members of the category potassium metabolism tended toward large decreases after the IRW treatment in comparison to those of the other data sets (Fig. 6) . The role for potassium in biocrust development and functioning has not been established, although elevated soil potassium has been associated with increased biocrust abundance (49, 50) . These data support potassium uptake and cycling being integral to biocrust functioning.
Previous work on the biocrust mosses may shed light on the causes of the cyanobacterial population collapse after the IRW combined treatment. Physiological studies of biocrust mosses in this experiment suggested that the mortality was due to a negative carbon balance under small precipitation events (13) . In this scenario, a precipitation event is associated with an early respiration burst, followed by photosynthesis and carbon fixation. However, the organism needs to stay hydrated long enough to recuperate the respiratory carbon loss. If the precipitation events are particularly small or warm temperatures induce increased evaporation, a carbon deficit can result (51) . Over repeated cycles, this deficit can become lethal (13) . It is possible that for Cyanobacteria, this carbon starvation mechanism resulted in the mortality of the Cyanobacteria after the IRW treatment, while the W treatment was able to support the recolonization and potential restoration of biocrust cyanobacterial populations (Fig. 3) . These results highlight how environmental disturbances can act in concert to drive microbial communities to states that would not be predicted from studying individual perturbations alone.
Conclusions. Biocrust surface cover has been employed as a useful metric to assess the health of dryland ecosystems (52, 53) . However, this metric may have severe limitations for predicting altered ecosystem stability, productivity, or capacity to cycle nutrients. Our study clearly shows that disturbed biocrusts that appear similar at a macroscopic scale can differ significantly in underlying microbiology. This has important implications for the management and restoration strategies of dryland ecosystems, demonstrating that the mechanism of disturbance needs to be considered when assessing the health and functioning of biocrust communities. The impacts of climate and land use changes will involve a combination of increasing temperatures, changing weather patterns, and increased anthropogenic disturbance (54) . To provide useful and robust predictions of ecosystem responses to climate and land use change, multiple stressors alone and in combination must be taken into account. Furthermore, the finding that unique combinations of bacterial genera were affected by each of the manipulations offers the possibility of tracking particular bacterial taxa to monitor the status of biocrust communities. This may be the first step toward developing molecular diagnostic tools to apprise land managers of the health of local biocrust communities and identifying the mechanisms and consequences of various disturbances. Taken together, these results highlight the importance of taking a microbial view of dryland soils and employing long-term multifactorial experiments to understand how these systems will respond to a changing environment.
